In this paper we investigate empirically, first, the characteristics of the firms that reduced their ICT investment due to the 2008 crisis, particularly the firms' ICT-related characteristics in terms of ICT budget, skills and applications used. The analysis of the ICT characteristics that may influence the likelihood of having reduced ICT investment as a consequence of the crisis is primarily explorative, thus driven by available data and economic intuition. The second research question we examine empirically refers to the possibility that an economic crisis could affect innovation performance through the ICT investment channel. In connection with this, it is also interesting to analyze the ICT characteristics that are associated with ICT-enabled innovation performance. This is the third research question of this paper. Our study is based on firm data from the glass/ceramics/cement industry in six European countries.
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Introduction
The financial and economic crisis of 2008 affected negatively investment in general and investment in ICT was not left unchanged (Rojko et al. 2011 , Keeley and Love 2010 , OECD 2009 ). World ICT spending fell by around 4% in 2009 4% in (OECD 2010 . Nevertheless, the decrease of ICT investment has been lower than that of GDP worldwide so that the ratio of ICT investment to GDP has increased. The 2009 decline of world spending in ICT is not as large in current US dollars as in 2001-02, owing to growth in non-OECD economies and the introduction of new products (OECD 2010) . Worldwide, about 57% of the 2009 ICT spending was on communication services and hardware, 21% on computer services, 13% on computer hardware and 9% on software. About 76% of world ICT spending is in the OECD countries (OECD 2010) .
The theoretical expectation for the impact of crisis on ICT investment is qualitatively the same as for all other kinds of investment. The main idea is that independent of the source of financing the general investment propensity decreases in periods of economic recession. Firms are confronted with demand uncertainty that makes investment more risky than in 'normal' or boom periods. Demand uncertainty forces firms to a pro-cyclical behaviour. Particularly in the innovation literature, an alternative approach is discussed that leads to an anti-cyclical investment behavior. According to the opportunity costs approach, in a booming economy it is expected that costs for labour and other input factors for R&D activities are high, while in recessions these costs are low (Rafferty and Funk 2004) . Hence, opportunity costs are lower in recessions and firms would benefit if they could shift resources to R&D activities. It is then an empirical issue which situation for which investment type prevails.
We are interested to investigate, first, the characteristics of the firms that reduced their ICT investment due to the 2008 crisis, particularly the firms' ICT-related characteristics mainly in terms of the ICT budget, skills and applications used. The analysis of the ICT characteristics that may influence the likelihood of a reduction of ICT investment as a consequence of the crisis is primarily explorative, thus driven by available data and economic intuition.
ICT use is according to existing empirical literature an important driver of innovation activities and performance (Kleis et al. 2012) . As a consequence, we expect that the drop of ICT investment during the crisis might cause a negative effect on specific ICT-enabled innovation performance. This would be the ICT-related effect of crisis on innovation. Thus, the second research question we want to examine empirically refers to the possibility that an economic crisis could affect innovation performance through the ICT investment channel (i.e. by leading to lower ICT investment). In connection with this, it is also interesting to analyze the ICT characteristics that are associated with ICT-enabled innovation performance. This is the third research question we want to pursue in this paper.
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Our study is based on firm data from the glass/ceramics/cement industry in six European countries. The glass, ceramics and cement industry is an important supplier of the construction sector, and as a consequence, an industry that depends primarily on domestic demand. In this sense, the state of affairs in this industry reflects the situation of a country's part of the economy that is oriented to domestic demand.
We find that ICT-related crisis vulnerability correlates positively with decreasing ICT budgets (pro-cyclical investment behaviour), the existence of skill deficits in ICT, the awareness of and interest in novell ICT applications that presumably request much additional ICT investment, the exposure to strong price competition and the strong presence in international markets, in which activities have significantly decreased due to the crisis. Further, statistically significant negative relationship between ICT-enabled product innovation and crisis vulnerability (procyclical behaviour) is found only for new products or services that contain ICT components, and are therefore directly affected by crisis-related decreasing product demand. Employment of specialized ICT personnel, ICT outsourcing (only for process innovation), competition (only for product innovation), and the use of some ICT applications specific to the kind of innovation pursued are ICT characteristics that positively correlate with ICT-enabled innovation.
To our knowledge, there is no other study investigating these topics, so our paper has also the character of an explorative study in a new research field.
The paper is structured as follows: section 2 presents the conceptual background, related literature and the research hypotheses. Section 3 discusses the data. In section 4 is the models' specification presented, while in section 5 econometric issues are discussed. In section 6 the results are presented and discussed. Section 7 concludes the paper.
Conceptual background, related literature, and research hypotheses

ICT Investment, Innovation Investment and Crisis
The theoretical expectation for the impact on ICT investment is qualitatively the same as for all other kinds of investment. The main idea is that independent of the source of financing the general investment propensity decreases in periods of economic recession. Firms are confronted with demand uncertainty that makes investment more risky than in 'normal' or boom periods.
Decreasing demand limits also internal financing of investment by past revenues. Uncertain economic perspectives reduce also the willingness of banks and other financial intermediaries to finance firms' investment projects. Of course, not all kinds of investment bear the same risk, with innovation projects being considered as quite risky and buildings being seen as much less risky than other investment categories (see, e.g., Kahle and Stulz 2010; Gerner and Stegmaier 2013; Geroski and Gregg 1997) . Further, not all types of firms bear the same risk, with small firms being confronted with more difficulties to finance investments in recession than large firms due to credit rationing by financial intermediates (for the theoretical background see, e.g.,
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Stiglitz and Weiss 1981 for investment in general; Goodacre and Tonks 1995 for investment in innovation). So in general, we expect that economic crisis negatively affects ICT investment.
To our knowledge, there are no studies dealing with question of the impact of economic crisis on ICT investment.
1 As a consequence, it is not a priori clear which ICT characteristics explain a firm's ICT-related behavior in an economic crisis (see hypothesis 1a to 1c below). The analysis of the ICT characteristics that may influence the likelihood of having reduced ICT investment as a consequence of the crisis is primarily explorative, thus driven by available data and economic intuition.
There is some theoretical consent (see, e.g., Barlevy 2007) and some empirical evidence (see, e.g., Quyang 2011a and Guellec and Ioannidis 1999) that R&D investment expenditures of firms, the most important input for innovation, are pro-cyclical, i.e. they are increasing in the business upswing and they are decreasing in the business downturn. However, there are also some theoretical arguments as well as some anecdotic evidence that firms show an anti-cyclical R&D investment behaviour. In order to explain pro-or anti-cyclical R&D behaviour we have to take into account two diverging forces, the demand aspect (see Filippetti and Archibugi 2011) and the opportunity costs aspect (Rafferty and Funk 2004) . 2 Since R&D investments are predominantly financed through the cash-flow of a firm, which is expected to fluctuate procyclically with demand, we would expect a pro-cyclical R&D investment behaviour as well.
However, in a booming economy, it is expected that costs for labour and other input factors for R&D activities are higher, while in recessions these costs are clearly lower. Hence, opportunity costs are lower in recessions and firms would benefit if they could shift resources to R&D activities. If the opportunity cost aspect prevails, we would expect anticyclical behaviour; firms would make use of lower production costs in recessions and would intensify their R&D investments. Since empirical evidence supports mostly pro-cyclical behaviour we concentrate here on the hypothesis of pro-cyclical behaviour with respect to innovation (see hypothesis 2 below).
ICT and Innovation
There are many ways through which the use of ICT can contribute to firms' innovation.
According to Kleis et al. (2012) external partners who are located far away from the focal firm. This is quite useful, as the creation of new knowledge through collaboration with other firms has become more and more important in the last twenty years (Enkel et al. 2009 ). Third, ICT contributes directly to the innovation production in several ways. Kleis et al. (2012) identified three main stages of the innovation process, for which the application of ICT has proved to be useful. First, the stage of the generation of ideas for new products can benefit from information systems (e.g., Customer
Relationship Management (CRM)) that enable a firm to collect and analyse extensively customers' communication and transaction data, and identify through them needs that can be covered by new products or significant modifications of existing products. Second, ICT enables the development of efficient design capabilities for new products. For example, technologies such as computer-aided design (CAD) and computer-aided manufacturing (CAM) help to digitize a new product's design, make it available throughout the innovation process. Third, ICT helps integrate design and production systems, so that errors of information transfer and translation are reduced and, as a consequence, the efficiency of this last stage of the innovation process is increased (Tapscot et al., 2000; Brynjolfsson and Saunders, 2010) . In sum, we expect a positive impact of ICT through these three channels on innovation performance (see hypothesis 3 below).
Research hypotheses
Based on the above discussion of literature, we postulate a series of hypotheses:
Hypothesis 1a: The ICT characteristics that refer to ICT inputs (budget, human capital) and the ICT infrastructure (as represented by the ICT applications used by a firm) are jointly positively correlated with the ICT-related crisis vulnerability.
Hypothesis 1b:
The ICT characteristics that refer to ICT inputs (budget, human capital) and the ICT infrastructure (as represented by the ICT applications used by a firm) are jointly negatively correlated with the ICT-related crisis vulnerability.
Hypothesis 1c:
The ICT characteristics that refer to ICT inputs (budget, human capital) and the ICT infrastructure (as represented by the ICT applications used by a firm) are not at all correlated with the ICT-related crisis vulnerability.
Hypothesis 2: ICT-enabled innovation performance measures are negatively correlated with the extent of a firm's vulnerability with respect to ICT-related crisis. Thus, we expect pro-cyclical behaviour with respect to ICT-enabled innovation.
Hypothesis 3: The ICT characteristics that refer to ICT inputs (budget, human capital) and the ICT infrastructure (as represented by the ICT applications used by a firm) are jointly positively associated with ICT-enabled innovation performance measures. 
Data
The data used in this study come from the e-Business Survey 2009 of the European Union. The survey focused on companies from the glass, ceramics and cement industries of six EU countries: Germany, Spain, France, Italy, United Kingdom and Poland, and consisted of 676 telephone interviews with ICT decision-makers, using computer-aided telephone interview (CATI) technology.
The questionnaire contained about 90 questions which were structured into eight modules. The survey population was defined as companies with at least 10 employees which used computers, were active within the national territory of one of the above-mentioned six countries covered, and which had their primary business activity in the glass, ceramics or cement industry as specified by NACE Rev. 2 Groups 23.1-6. The survey was carried out as an enterprise survey: Tables A.3 shows the correlations between the model variables. Table 1 contains information on the impact of economic crisis on ICT investment plans or projects by sub-sector, country and firm size class. Crisis vulnerability has been rather uniformly distributed among the firms of the three subsectors: about 41% (glass) to 48% (ceramics) firms reported an impact of crisis on their ICT investment plants. Small firms have been less crisis vulnerable than middle-sized and large firms, presumably because larger firm are stronger dependent than small firms on exports that have decreased significantly as a consequence of the crisis. Significant differences exist among countries: about 26% reported a crisis impact in Germany, while the respective figure for Poland was about 57%. The figures for the other countries lie somewhere between these two extremes. Thus, the crisis vulnerability in the glass/ceramics/cement sector reflects to a large extent the overall vulnerability of economy at country level. However, the majority of firms in these sectors, about 50%
(ceramics) to 59% (glass) of them, was not affected by the crisis with respect to ICT investment, thus showing a considerable crisis resistance. This could be interpreted as a hint that ICT-related 8 investment behaviour in these sectors shows no cyclicality or even is anti-cyclical (see the discussion in section 2). We concentrate here to those firms (40% to 50% of all firms) that were affected by the crisis and showed a pro-cyclical behaviour as to ICT investment.
Model specification
Explanation of the extent of ICT-related crisis vulnerability (crisis equation)
Dependent variable. We construct a binary variable (ICT_CRISIS) based on the following question of the e-Business Survey 2009: "Has the economic crisis an impact on your ICT investment plans or on ICT projects?" (see Table 2 ). The variable is codified as follows: 0: no impact; 1: yes, "no ICT or e-business projects were cancelled or significantly downsized", or yes, "ICT or e-business projects were cancelled or significantly downsized".
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Independent variables. We distinguish three groups of variables (see Table 2 for more details):
ICT inputs: We use four variables, two related to the availability of ICT-specific human resources (ICT_personnel; ICT_skill deficits; both of them are binary variables), one concerning the available financial resources (ICT_ budget; a three-level ordinal variable), and one referring to the existence of ICT-outsourcing, meant as use of external ICT rservices as a measure to reduce ICT-related costs.
ICT infrastructure: The e-commerce is an important ICT application that serves to manage the is composed of all these applications, the respective binary variables are included in our model.
Market conditions:
We distinguish three dimensions of competition at the product market: price competition (PCOMP), quality competition (QCOMP) and customer service competition (SCOMP). The respective measures of the importance of these types of competition for the firms are three-level ordinal variables.
Firms with intensive price competition in their main markets are likely to have difficulties to finance their ICT activities, since their price-cost margins are expected to be low. In good business times they are expected to have less problems to finance ICT investment. Hence, their investment behaviour is expected to be pro-cyclical, in our case meaning that a positive correlation is expected with the ICT crisis vulnerability variable. We expect that the competition pressure with respect to quality and customer service would be less strong than price competition in a crisis period. In this sense, firms that are exposed stronger to non-price competition are expected to be less crisis-vulnerable with respect to ICT.
Other firm characteristics: Controls are inserted in the estimation equation for firm size, subsector, country, strong export-orientation (EXPORT), and also the firm being part of a multinational corporation (INTER). At first glance, we would expect larger firms and firms belonging to multinational corporations to be less crisis-vulnerable with respect to ICT than smaller firms because of the availability of more financial resources that help them to survive through a crisis. The descriptive data in Table 1 show that it is the other way around, small firms being less crisis vulnerable than middle-sized and large firms, presumably because (i) larger firm are stronger dependent than small firms on exports that have decreased significantly as a consequence of the crisis, and (ii) small firms make less ICT investments, usually limited to the absolutely necessary ones, so there are less opportunities for ICT investment due to the crisis.
The economic crisis that started in 2008 has led to a decrease of world trade volume, thus of exports. Export-oriented firms have been stronger exposed to this particular crisis component than firms that primarily cover the domestic demand. Thus, we expect that export-oriented firms of the glass, ceramics and cement sector, which is primarily oriented to domestic demand, would be particularly affected by the crisis.
As already mentioned, the analysis of the ICT characteristics that may influence the likelihood of having reduced ICT investment as a consequence of the crisis is primarily explorative, thus driven by available data and economic intuition (see hypothesis 1a to 1c ICT has played an important part in their design; (f) new processes for which ICT has played an important part in their implementation (see Table 2 for the definition of these variables).
These variables allow a differentiated measurement of the specific contribution of ICT to product and process innovation. However, this is not a big problem because the interdependence between the three ICT-enabled product innovation variables and between the three ICT-enabled process innovation variables is considerably larger than between product and process innovation as the correlation coefficients of additional estimations not shown here demonstrate.
We the sample as a whole is then maximized using standard methods (maximum likelihood in this case). For a brief description of the GHK smooth recursive simulator, see Greene (2003, 931-933) , who also provides references to the literature.
Probit
For the binary variable ICT_CRISIS we used a maximum likelihood probit model (STATAprocedure 'probit').
Causality
Due to the cross-section character of our data, both the left-hand and the right-hand variables refer to the same time period. As a consequence, our estimates of both the crisis and the innovation equations have to be seen primarily as an extensive analysis of the correlations between the independent variables (that are considered as structural characteristics that change only slowly over time) and the ICT-related crisis and ICT-enabled innovation indicators, respectively. Nevertheless, some robust regularities come out, which if interpreted in view of our hypotheses presented in section 2 could possibly indicate the direction of causal links.
However, the possible distorting effect of the crisis variable, which is explicitly considered to be an endogenous variable in equation (1), in the innovation equations summarized in (2) has to be taken into account. To this end, we applied the procedure developed by Rivers and Vuong (1988) to test the exogeneity of the crisis variable in the innovation equations. We calculated the residual (predicted value minus effective value of variable ICT_CRISIS) of equation (1) and inserted it as a further right-hand variable in the innovation equations summarized in (2).
As instrument we used the variable ICT_skill_deficits, which is significantly correlated with CRISIS, but not with any of the ICT-enabled innovation variables, and is not included in the specification of (2). Lack of ICT skills could at least partially be a problem due to limited supply of ICT-skilled personnel in some countries, thus exogenous to firms. The coefficients of the residual variable were not statistically significant at the 10% test level in any of the innovation equations. As a consequence, the estimates in Table 4 and 5 are based on the original crisis variable. The detailed results of the exogeneity tests are available upon request.
Other issues
Multicollinearity is not an issue in our estimations as shown in the correlation matrix in Table  A .3 in the appendix. Marginal effects were not estimated because 14 out of 21 right-hand variables in the equations (1) and (2) are dummy variables and the rest 7 are ordinal variables.
Results
Crisis equation
ICT-related crisis vulnerability correlates positively with decreasing ICT budgets (pro-cyclical investment behaviour), the existence of skill deficits in ICT (as they reduce the value that can be generated for the firm from new ICT investments), the degree of perceived relevance of novel ICT applications (ICT_NEWTECH) that presumably request much additional ICT investment, the exposure to strong price competition (PCOMP) and the strong presence in international markets (EXPORT), in which activities have significantly decreased due to the crisis (Table 3) .
Larger firms are stronger export-oriented and as a consequence stronger exposed to (price) competition than the smaller ones. This explains the stronger impact of crisis on larger firms in the descriptive data in Table 1 , even if the coefficient of the dummy for large firms is not significantly positive in Table 3 , presumably because the two variables PCOMP and EXPORT, respectively, have captured most of the firm size effect. None of the coefficients of the variables for the standard ICT applications is statistically significant, thus indicating that firms' ICT technology portfolio is not related to crisis vulnerability. These findings seem to support partially hypothesis 1b, with respect to ICT inputs (as lower levels of ICT budget and skill deficits increase ICT-related crisis vulnerability), and partially hypothesis 1c with respect to ICT infrastructure.
The positive sign for ICT_NEWTECH can be interpreted as a hint that firms that are more aware of the relevance of new technologies, and as a consequence of the need for much additional investment for exploiting them, tend to cancel or significantly downsize planned ICT projects (that concern mainly 'traditional' technologies) in order to fund the introduction in the 13 future of new technologies, thinking that they have to exploit them to improve their ICT infrastructure as a reaction to crisis.
Innovation equations: ICT-enabled innovation performance
Product innovation
The relationship between ICT-enabled product innovation and ICT-related crisis vulnerability is negative for all three examined categories of product innovationthe former, but only for INNOPD_ICT1 (new products containing ICT components) is this relationship statistically significant (column 1 in Table 4 ). The explanation for this negative effect is straightforward:
the stronger the crisis impact on ICT investment, the less ICT-enabled innovation can be generated, particularly in the case of products and services that direct contain ICT components.
This finding is in accordance with hypothesis 2 (pro-cyclical behaviour with respect to ICTenabled innovation). However, the statistically significant negative relationship is found only for new products or services that contain ICT components, and are therefore directly affected by decreasing product demand. No significant relationship could be found for the indirect influence of ICT on product innovation through the R&D or marketing channel (see the definition of the three types of ICT-enabled product innovation in Table 2 ).
ICT budget change due to the crisis is not relevant for all three types of ICT-enabled product 
Process innovation
The relationship between ICT-enabled process innovation and ICT-related crisis vulnerability is not statistically significant for all three examined categories of ICT enablement in process innovation ( Table 5 ). The decrease of ICT investment due to the crisis is not correlated with the introduction of ICT-enabled process innovation. This is not in accordance with the hypothesis 2 for pro-cyclical behaviour with respect to process innovation. Presumably, firms continued improving their production processes in the crisis period using the existing ICT resources in innovative ways and more efficiently than before.
There is a common pattern for all three examined categories of ICT-enabled process innovation:
availability of ICT-specialized personnel and ICT outsourcing play an important role for all three of them. Presumably, the ICT needed for process innovation is less firm-specific than for product innovation, so that outsourcing becomes a valid alternative to the development of firm- Competition does not seem to be of any relevance for all three types of ICT-enabled process innovation, which is not what we would theoretically expect especially with respect to price competition. Larger firms show a significantly stronger tendency to ICT-enabled process innovation than medium-sized firms, and medium-sized firms show a stronger tendency than small firms. Thus, for process innovation, a size effect is found; bigger firm size leads to more complex processes, with numerous steps and involved employees, so there is stronger motivation for and benefit from exploiting the capabilities offered by ICT in order to generate process innovations.
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Summary and Conclusions
Crisis vulnerability
We have found that ICT-related crisis vulnerability correlates positively with decreasing ICT budgets (pro-cyclical investment behaviour), the existence of skill deficits in ICT, the perceived relevance of the potential use of new ICT applications (ICT_NEWTECH) that presumably request much additional ICT investment, the exposure to strong price competition, and the strong presence in international markets, in which activities have significantly decreased due to the crisis. Larger firms are stronger export-oriented and as a consequence stronger exposed to (price) competition than smaller ones. This explains the stronger impact of crisis on larger firms in the descriptive data. None of the coefficients of the variables for the standard ICT applications is statistically significant, thus indicating that firms' ICT technology portfolio is not related to crisis vulnerability. These findings seem to support partially hypothesis 1b, with respect to ICT inputs (as lower levels of ICT budget and skill deficits increase ICT-related crisis vulnerability), and partially hypothesis 1c with respect to ICT infrastructure. These are the main insights of the exploratory part of our investigation.
Crisis and innovation performance
Statistically significant negative relationship between ICT-enabled innovation and ICT-related crisis vulnerability is found only for new products or services that contain ICT components, and are therefore directly affected by crisis-related decreasing product demand. Only for this type of ICT-related innovation appears pro-cyclical behaviour to be dominant. No significant relationship could be found for the indirect influence of ICT on product innovation through the R&D or marketing channel. Furthermore, the decrease of ICT investment is not correlated with the introduction of ICT-enabled process innovation. This is not in accordance with the hypothesis 2 for pro-cyclical behaviour with respect to process innovation. Presumably, firms continued to improve their production processes in the crisis period using their existing ICT resources in innovative ways and more efficiently than before. On the whole, hypothesis 2 for pro-cyclical behaviour receives only limited support.
ICT characteristics and innovation performance
Human resources in form of ICT-specialized personnel are important for all six categories of ICT-enabled innovation. For four out of six examined innovation categories, the ICT outsourcing, reflecting a strategy of efficiency increase of the use of ICT resources, is also relevant. The ICT technology portfolio characterized by a series of ICT applications is only partially important for innovation performance, thus hypothesis 3 receives only partial support from our findings. The use of some single ICT applications, such as E_P and CAD correlate positively with two out of three product innovation categories, while CAD is important also for one process innovation category. A common innovation-relevant characteristic for all six examined ICT-enabled innovation categories is the awareness of and interest in novel 16 technologies, such as service-oriented architectures, web 2.0 applications, data warehouse and data mining, and mobile services such mobile commerce and remote access technologies.
The discussion about the pro-cyclical or anti-cyclical character of different categories of investment that are associated with high risks and high sunk costs, e.g., R&D investment, or are of specific relevance for innovation output, e.g., ICT investment, is important not only for management but also for policy-making. For example, anti-cyclical investment behaviour with respect to ICT might mitigate negative implications of the cyclical movement of the economy both at firm level (e.g., high costs for search and recruitment of high-qualified ICT) and at economy level (e.g., deterioration of ICT infrastructure). However, we would need data for several sectors of the economy in order to be able to better understand the mechanisms behind cyclical behaviour of ICT investment.
TABLES: Note: Heteroskedasticity-robust standard errors in brackets; ***. **, * denote statistical significance at the 1%, 5% and 10% test level resp.; reference for 'medium-sized', 'large': 'small'. 
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APPENDIX: 
